Abstract A nitrogen-sulfur Schiff base HL (1) derived from S-hexyldithiocarbazate and 4-methylbenzaldehyde has been reacted with different divalent metal ions in 2:1 molar ratio, producing neutral complexes (2-7) of general formula M II L 2 (where M = Ni, Cu, Zn, Cd, Pd and Pb 
compounds were characterized using established physico-chemical and spectroscopic methods. The single crystal structures of Cu II and Zn II complexes are compared and discussed with those of Ni II and Pd II already reported by us, underlining the geometrical variations occurring in the HL ligand upon coordination. The metal complexes, as revealed by the X-ray diffraction analyses, show a square planar or tetrahedral coordination geometry, and in the former case either a cisoid or transoid configuration of chelating ligands. Density functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations have been performed on the isolated cis/trans
Introduction
Transition metal complexes derived from Schiff bases have occupied a central role in the development of coordination chemistry. Thiosemicarbazones, semicarbazones, hydrazide/hydrazones and dithiocarbazates are compounds that have been widely studied since they exhibit significant biological and pharmacological properties (Pavan et al., 2010) . In particular thiosemicarbazones have acquired considerable attention by medicinal chemists being excellent chelators of transition metals for their antitumor activity in vitro and in vivo (Yu et al., 2009; Richardson et al., 2006) . The present work deals with hydrazine carbodithioate species that upon complexation typically act as bidentate ligands and coordinate through the b-nitrogen and the thiolate sulfur donors yielding air stable metal complexes. Schiff bases derived from hydrophobic S-alkyl/aryl groups and their complexes reveal promising potential applications (Beshir et al., 2008) . In fact the reaction of dithiocarbazates with different aldehydes and ketones leads to ligands with modified donor properties, bringing about intriguing coordination geometries in metal complexes, a feature that affects also the bioactivity of these compounds such as antibacterial, antifungal, anticancer, antitumor, wound healing, cell motility as well as antioxidant activities (Beshir et al., 2008; Ali et al., 2002; Tampouris et al., 2007; da S. Maia et al., 2010; Singh et al., 2009) . Surprisingly a bis-dithiocarbazate nickel complex has been recently tested also for the photocatalytic production of hydrogen (Wise et al., 2015) . A search in the Cambridge Structural Database (Groom et al., 2016) indicates that the majority of previous studies were based on Schiff bases derived from S-methyl, S-benzyl and S-acetyl dithiocarbazate and N-substituted derivatives of S-methyl dithiocarbazates, and only a few works reported on Schiff bases having long S-alkyl chain moiety. In addition Schiff bases derived from a large number of carbonyl compounds with dithiocarbazates have been synthesized, but the study of their optical properties, such as fluorescence, is more scarce (Singh et al., 2009) . Therefore, considering the above facts and continuing our interest in this field, the present work reports a study on the synthesis, characterization and anti-bacterial properties of Ni, Cu, Zn, Cd, Pd and Pb complexes with the Schiff base derived from S-hexyldithiocarbazate and 4-methylbenzaldehyde (HL). Since the X-ray single crystal structure of square planar complexes (Ni, Cu and Pd) shows cis or trans configuration of the ligands, density functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations have been performed on the cis/trans isomers of Ni and Pd complexes with the purpose of elucidating the stability of the isomers isolated in solid state. ) were obtained as KBr disk using a FT-IR 8400-Shimadzu spectrophotometer (Japan).
1
H NMR (500 MHz) and 13 C NMR (125 MHz) spectra were recorded on a JEOL JNM-A400 spectrometer in CDCl 3 with TMS as internal standard. Mass spectra were obtained on a JEOL-JMS-D300 mass spectrometer University of Toyama, Japan. Magnetic measurements were made on a magnetic susceptibility balance (Sherwood Scientific, UK) and molar conductance measurements with a heavy-duty conductivity meter (Extech Instruments, USA, model No. 407303) . The UV-visible absorptions were scanned on a T60 UV-vis spectrophotometer (PG Instruments, UK) between 200 and 800 nm of 10 À5 M solution in chloroform. Melting points were carried out on a melting point apparatus, Gallenkamp, England. Cyclic voltammogram was recorded on a CHI602 E electrochemical analyzer with three compartments. Fluorescence spectra were recorded on a Shimadzu RF-5301 PC spectrofluorophotometer.
Synthesis of the Schiff base ligand, 1
As previously reported (Howlader et al., 2015a) , hydrazine hydrate (2.50 g, 0.05 mol, 99%) was added to an absolute ethanolic solution of KOH (2.81 g, 0.05 mol) and the mixture was stirred at 0°C. To this solution carbon disulfide (3.81 g, 0.05 mol) was added dropwise with constant stirring for one hour. Then 1-bromohexane (8.25 g, 0.05 mol) was added dropwise at 0°C with vigorous stirring for another hour. Finally, 4-methylbenzaldehyde (6.00 g, 0.05 mol) in ethanol (2.0 ml) was added and the mixture refluxed for 30 min. The hot mixture was filtered and then the filtrate cooled to 0°C to give a precipitate of the Schiff base product, which was recrystallized from ethanol at room temperature and dried in a vacuum desiccator over anhydrous CaCl 2 . The physical and spectroscopic data of the Schiff base ligand 1 are as follows:
Colorless 
Synthesis of metal complexes, 2-7
Details of the synthesis of metal complexes 2 and 6 have been formerly reported (Howlader et al., 2015b; Begum et al., 2015) . For complex 2 a solution of Ni(CH 3 COO) 2 Á4H 2 O (0.06 g, 0.25 mmol, 8 mL methanol) was added to a methanolic solution (10 mL) of the ligand (0.15 g, 0.5 mmol). The resulting mixture was stirred at room temperature for four hours. A dark reddish brown precipitate was formed, filtered off, washed with methanol and dried in vacuo over anhydrous CaCl 2 as complex 2.
The ): 0.00; l eff = Diamagnetic.
2.4. X-ray data collection and structure determinations X-ray diffraction patterns of metal complexes 3 and 4 were collected by using a Rigaku R-AXIS RAPID diffractometer equipped with CCD. The experiments were performed at 173 K with Mo Ka radiation (k = 0.71075 Å ). Cell refinement, indexing and scaling of the data sets were carried out using the Crystal Structure package (Rigaku Inc., 2010) . All the structures were solved by direct methods (Sheldrick, 2008) and subsequent Fourier analyses and refined by the full-matrix leastsquares method based on F 2 with all observed reflections (Sheldrick, 2008 ). An absorption correction was applied to the data (Rigaku Inc., 1995) . The contribution of H atoms, at geometrical calculated positions, was introduced in the final cycles of refinement. Ortep drawings were done with program Cameron (Watkin et al., 1993) implemented in the WinGX package (Farrugia, 1999) . Table 1 summarizes the pertinent crystallographic data and refinement details of 3 and 4. Crystal data of ligand 1 and of complexes 2 and 6, discussed in this work, have been reported by us elsewhere (Howlader et al., 2015a,b; Begum et al., 2015) .
Computational methods
For theoretical calculations, the X-ray structure of Ni and Pd complexes (Howlader et al., 2015b; Begum et al., 2015) was considered for initial geometry. Optimization of the equilibrium structures and subsequent vibrational frequency calculations of cis and trans isomers of Ni and Pd (singlet) were performed using density functional theory employing Becke's (B3) (Becke, 1993) exchange functional combining Lee, Yang, and Parr's (LYP) correlation functional (Lee et al., 1988) . To account for the relativistic effect of transition metals, all calculations were conducted by Stuttgart/Dresden (SDD) effective core potential basis set (Andrae et al., 1990; Dunning, 1989) . The absence of imaginary frequencies confirmed that the stationary points correspond to minima on the potential energy surface. B3LYP hybrid functional can reproduce the experimental vibrational frequencies; however, scaling factors (0.9613-0.9688) are required for different basis sets (Merrick et al., 2007; Andersson and Uvdal, 2005; Halim et al., 2010) . Since the SDD basis set has superior performance on reproducing the experimental vibrational frequencies, scaling factor of 0.9800 can provide very comparative results (Enamullah et al., 2015a) . Frontier molecular orbitals of these complexes were computed at the same level of theory. Time-dependent density functional theory (TD-DFT) (Gross and Kohn, 1990; Runge and Gross, 1984; Marques and Gross, 2004) was employed with the B3LYP/SDD level of theory for calculating the photophysical properties of these complexes considering 100 excited states. All theoretical calculations were implemented by Gaussian 09 software suite (Frisch et al., 2009 ).
Antibacterial assay
Antibacterial activity of the above newly synthesized compounds was screened against three Gram-negative organisms: Shigela flexneri, Salmonela typhi, and Escherichia coli using standard procedure (Valgas et al., 2007) . Solid compounds were dissolved in DMSO at a concentration of 10,000 lg mL
À1
. Only DMSO and tetracycline were used as a negative and positive control, respectively. Each inoculum was spread uniformly in LB agar medium containing plates. Solution of each sample was poured into a round piece of sterile filter paper and after drying introduced into agar plates in triplicate. All these plates were incubated at 37°C overnight. The plates were then examined for the zone of inhibition which indicates the degree of susceptibility or resistance of the test organisms against the applied compounds. Inhibition zones were measured with a ruler as millimeter (Gu¨lcan et al., 2012) .
Results and discussion

Spectroscopic characterization
As reported in Section 2.2, condensation of 4-methylbenzaldehyde with S-hexyldithiocarbazate gave the bidentate Schiff base ligand 1, which like most esters of dithiocarbazones can undergo thione-thiol tautomerization, 
Scheme 1 (Krasowska et al., 2010) . However spectroscopic data show that the Schiff base exists in solid state and in solution in its thione tautomer form. In fact IR spectrum of ligand 1 shows thioamide m(NAH) band at 3101 cm
À1
, but no m (SAH) band at $2700 cm À1 was detected Roy et al., 2008) .
The treatment of ligand with divalent metal ions in methanol is accompanied by deprotonation, leading to the formation of neutral bischelated complexes. This is reflected in the lack of the thioamide NH resonance of the ligand in the 1 H NMR and disappearance of the m(NAH) bands in the IR spectra. In fact two strong bands shown by the ligand at 1619 and 1101 cm À1 are assigned to the m(C‚N) and m(C‚S) stretching vibrations, respectively, Chan et al., 2008) and the absence of the m(C‚S) band in the complexes is a genuine evidence for the formation of complexes via the enol group Takjoo et al., 2010) .
In the metal complexes the m(C‚N) band appeared in the range 1604-1583 cm À1 , thus at lower frequency with respect to the ligand, evidencing that the coordination to the metal occurred through the azomethine nitrogen . The calculated (scaled) frequency of the m(C‚N) band detected at 1597 cm À1 supports the experimental result. The shift of the stretching frequency of m(NAN) band of the free ligand to higher wave numbers in the spectra of the complexes (from 1026 to ca. 1030 cm
) also confirms the bonding of azomethine nitrogen to the metal ions (Roy et al., 2008; Chan et al., 2008) . However, the calculated m(NAN) band is strong and shifted to 938-915 cm
. The stretching frequency of the m(CSS) band in the complexes decreased (817-803 cm À1 ) in comparison with that observed in the free ligand (871 cm À1 ), indicating that complexation has taken place through the thiolate sulfur (Ali et al., 2002; Takjoo et al., 2012) . A similar calculated m(CSS) band is noticed at 802 cm À1 . The 1 H NMR spectrum of ligand 1 showed a broad singlet at 11.01 ppm assigned to the (NAH) proton but no signal attributable to the thiol proton ($4.0 ppm) was detected, indicating the absence of this tautomer Chew et al., 2004; Khaledi et al., 2011) . On the other hand, the lack of the NH signal in the 1 H NMR spectra of complexes 2-7 indicates that complexation occurred via deprotonation of this group (Islam et al., 2014) as confirmed by the X-ray crystallographic study.
The azomethine (CH‚N) proton observed as a singlet at 7.93 ppm in HL, shifted at higher field (7.79-7.62 ppm) in the complexes due to the coordination of azomethine nitrogen (Takjoo et al., 2012; Khaledi et al., 2011; Islam et al., 2011 Islam et al., , 2014 Ali et al., 2006) . The signals at 3.31 and 2.42 ppm corresponding to ASCH 2 and C-1 in the ligand were shifted to 3.12-3.01 ppm and 2.41-2.36 ppm upon complexation (Ravoof et al., 2010; Low et al., 2014) . In the ligand the signals at 1.76, 1.47, 1.34 and 0.91 ppm corresponding to C-11, C-12, C-13,14 and C-15, respectively, all show slight variation upon complexation. However, the paramagnetic electron configuration of complex 3 hampered the identification of the functional group through 1 H NMR spectrum (Yazdanbaksh et al., 2009 ). The 13 C NMR spectral data of the complexes in solution confirm the structure as observed in solid state by X-ray diffraction.
The room temperature molar conductance values of the complexes (10 À5 M in CHCl 3 solution) are indicative of nonelectrolytic nature Chew et al., 2004) . The Lassaigne's test (halogen test) indicated the absence of chloride ions in the Pd II complex 6. The magnetic moment of Cu II complex 3 is 1.82 B.M. at room temperature corresponding to a single electron spin, (Islam et al., 2011) while all the other complexes are diamagnetic. Complexes 2 and 6 are consistent with a square planar geometry, while derivatives 4, 5 and 7 are expected to have a tetrahedral structure Islam et al., 2011) .
The High Resolution Mass Spectrum (HRMS) of ligand 1 showed a peak at m/z = 295.1302, which is consistent with the proposed formula, and the molecular ion peaks of Ni The electronic spectrum of the Schiff base ligand 1 showed two bands at 241 and 262 nm, arising from p ? p * transitions for the aromatic ring and azomethine (CH‚N) moiety, respectively (Islam et al., 2011) . Other two bands at 325 and 338 nm are assigned to p ? p * and n ? p * transitions of the dithiocarbazate group (Islam et al., 2011 (Islam et al., , 2014 . The complexes exhibited intra-ligand transition (Ali et al., 2006; Ravoof et al., 2010) in the range of (305-267) nm for p ? p * (CH‚N).
In the UV-vis spectra of the Ni II , Cu II , Zn II and Pd II complexes the intra-ligand band ascribed to n ? p * transition is shifted to higher wavelength (blue shift), while it disappeared in other complexes. This is due to coordination of the thiol sulfur to the metal (Yazdanbaksh et al., 2009; Low et al., 2014) . The time-dependent density functional theory (TD-DFT) calculation exhibited the intra-ligand bands at 260 and 320 nm for the trans isomer of NiL 2 while these bands are detected at 243 and 339 nm for the cis isomer of PdL 2 (Fig. 14S, supporting information) . Moreover, the intra-ligand band of the cis/trans PdL 2 is very strong and broad indicating that these derivatives can show distinctive fluorescence property.
Complexes 2, 3 and 4 showed the presence of ligand-tometal charge transfer (LMCT) bands (443-435 nm) arising from S ? M II interaction (Ali et al., 2012; Crouse et al., 2004; Ravoof et al., 2010; Aazam et al., 2012; Nair and Joseyphus, 2008) . The appearance of this LMCT band in these complexes is also strong evidence that the metal is coordinated by the thiol sulfur. The calculated LMCT bands for cis and Scheme 1 Thione (I) and thiol (II) tautomeric forms of HL.
trans NiL 2 showed a broad shoulder from 400 to 560 nm with absorption maxima at 482 nm (Fig. 14S , supporting information). This intense excitation is occurred from the highest occupied molecular orbital (HOMOÀ2) to lowest unoccupied molecular orbital (LUMO) (Fig. 15S, supporting information) Scheme 2 The different configuration detected in square planar Cu, Ni, and Pd complexes.
states are fairly close in energy (Jorge et al., 2003; Enamullah et al., 2014 Enamullah et al., , 2015b Hossain et al., 2015) . For cis-PdL 2 , analogous LMCT shoulder is also noticed in the region of 400-500 nm with absorption maxima at 447 nm.
Structural descriptions
An Ortep drawing of the ligand, depicted in Fig. 1 , shows the molecule in its thione tautomeric form. With exception of the S-hexyl chain, all the atoms are co-planar, indicating an electron delocalization within the molecule. Dithiocarbazate compounds can exist as E or Z diastereoisomers as already noted years ago (Lanfredi et al., 1977) and in the present case the molecule adopts an E configuration with respect to the C (8)‚N (1) bond of the benzylidene fragment, while the bnitrogen and the thioketo sulfur are trans located with respect to the N(2)AC (9) bond. The bond lengths and angles of 1 compare well with those measured in several related structures (Tarafder et al., 2008 (Tarafder et al., , 2010 . It is worth noting that upon coordination the molecule requires a 180°rotation about the C9AN2 bond in order to chelate the metal through the N1, S1 donors. The structural determination of the series of metal complexes allows to compare the bond distances and angles of the HL with the correspondent geometrical parameters measured in the metal complexes. Inspection of Table 2 indicates some salient differences in the coordinated ligand compared to the free ligand, and the most obvious are as follows: (i) a significant elongation of the S(1)AC (9) 375(3) Å in HL) . Correspondingly the bond angles exhibit variations as well, particularly in the N(1)AN(2)AC(9) and S (1)AC(9)AS(2) values as reported in Table 2 .
In all the metal complexes the two ligands, in their deprotonated imino thiolate form, act as chelating ligands via the azomethine nitrogen N1 and thiolate sulfur S1 atoms. However a different arrangement has been observed in square planar complexes, namely a cis or trans configuration (Scheme 2).
Nickel(II) and copper(II) complexes 2 and 3 are isomorphous and the X-ray structural analysis shows the metal located on a crystallographic center of symmetry in a squareplanar coordination geometry and the observed trans configuration of donor atoms is imposed by the crystal symmetry. Fig. 2 shows an ORTEP view of complex 3, while a selection of bond lengths and angles is reported in Table 3 . The coordination bond distances are found slightly longer for the copper than the nickel derivative for the larger ionic radius of this metal (Shannon, 1976) : CuAN(1) = 2.0292(12), CuAS(1) = 2.2575(4) Å , vs. NiAN(1) = 1.933(3), NiAS(1) = 2.1775 (10) Å .
On the other hand in complex 6 the Pd atom resides on a crystallographic twofold axis and the two Schiff base ligands coordinate the metal center in an unexpected, although not novel, cis-planar configuration (Scheme 2 and Fig. 3 ). This coordination arrangement is accompanied by an E configuration about the N(1)‚C(8) imine bond with a N2AN1AC8AC5 torsion angle of 172.1(14)°, to be compared with the mean value measured in the other metal derivatives of ca. 0.7°. This feature leads to a weak p-p interaction between the rings of the methylbenzylidene moieties, with a centroidto-centroid distance of 4.114(8) Å . In addition the complex assumes a step conformation, which is characterized by the dihedral angles between the SCNN and the N 2 S 2 mean planes of 23.47°, while the two SCNN planes form an angle of 11.56°F igure 2 ORTEP drawing (50% probability ellipsoids) of Cu II complex 3 (only labels of the independent crystal moiety are indicated).
The same label scheme applies also to Ni II complex 2. (Fig. 4) . The PdAS1 bond length is of 2.264(4) and the PdAN1 of 2.154(12) Å , which is the longest among the complexes reported. A similar arrangement in solid state has been found also in the bischelated PdL 0 2 complex (L 0 = S-Methyl-3-(fluo ren-9-ylidene)dithiocarbazate) (Zhou et al., 2007) where a pp stacking interaction is realized between the two diazafluorene moieties.
Although different configurations of square planar metal complexes have been reported as mentioned above, we decided to evaluate the equilibrium geometry of the cis and trans complexes for Ni and Pd calculated at B3LYP/SDD level of theory. In case of cis and trans Ni(II) complexes (Fig. 5) , computations revealed that the trans isomer adopts a square planar geometry, whereas the cis species showed a distorted shape. The relative enthalpy and Gibbs free energy of the cis and trans isomers are À29.12 and À43.97 kJ/mol, respectively, which indicate that the latter is more stable.
The calculated PdAS(1) and PdAN1 bond lengths for the cis isomer are 2.364 and 2.098 Å , respectively, vs. values of 2.419 Å and 2.057 Å for the trans species (Fig. 6) . The relative enthalpy (À4.37 kJ/mol) and Gibbs free energies (À5.50 kJ/-mol) of the cis isomer revealed that this is slightly more stable than the trans one.
The structural characterization of the Zn II complex 4 (ORTEP view shown in Fig. 7) indicates the metal located on a crystallographic twofold rotation axis with formation of a tetrahedral coordination geometry. The dihedral angle formed by the two SCNN ring planes is of 85.03°. Here the ZnAN1 coordination bond distance (2.0297(18) Å ) is comparable to that of the copper derivative, while the ZnAS(1) is slightly longer, of 2.2818(4) Å . Symmetry code for primed atoms: Àx, Ày, Àz for 2 and 3; Àx, y, 1/2 À z for 4; 1 À x, y, Àz for 6.
Figure 3 ORTEP drawing (50% probability ellipsoids) of Pd II complex 6 (only labels of the independent crystal moiety are indicated). In conclusion the structural results on metal complexes indicate a similar chelation of ligands in complexes 2, 3 and 4, but for palladium species 6 a different configuration is observed about the N(1)‚C(8) bond. However more significant is the configuration of ligands in the square planar geometry, being cis in Pd II complex and trans in the Ni II and Cu II derivatives. Inspection of crystal packing does not provide additional information: the Ni II and Cu II complexes stack in the crystal at a distance of 4.675 Å (mean value of axis a), which exclude significant p interactions among the phenyl rings, while in the Pd II crystal, the mentioned stacking interaction about aromatic rings does not seem to account for the observed cis arrangement, since the acetone Schiff base of Smethyl Pd derivative assumes a cis-square planar structure as well (Ali et al., 2002) . A structural analysis of trans-and cisplanar nickel and copper complexes has been recently reported .
Fluorescence spectral study
The photoluminescence properties of ligand 1 and of its metal complexes 2-7 were studied using 10 À5 M solution of CHCl 3 at room temperature. Upon excitation at k = 338 nm, the emission spectrum of the ligand shows three emission peaks at k max = 406, 430 and 452 nm (Table 4 and Fig. 8) . Excitation of the metal complexes at 305-376 nm gives three emission peaks in the range 396-460 nm. The emission spectral profile of all the complexes closely resembles that of the ligand.
It is evident from Fig. 8 that the fluorescence intensity of the ligand significantly decreased upon complexation for complexes 2-6 with the exception of the derivative 7. Metal ions can enhance or quench the fluorescence intensity of some Schiff base ligands containing an aromatic ring. The formation of coordination complexes induces an energy transfer from the excited state of the ligand to the metal ions causing a decrease of the fluorescence intensity (Ravoof et al., 2010) . Quenching of fluorescence intensity of a ligand by transition metal ions upon complexation is a rather common phenomenon which is explained by processes such as magnetic perturbation, redox activity, and electronic energy transfer (Singh et al., 2009; Takjoo et al., 2012; Ö nal et al., 2011; Anitha et al., 2013) . Enhancement of fluorescence intensity through complexation is, however, of much interest as it opens up the opportunity for photochemical applications of these complexes. The fluorescence intensity of the uncoordinated ligand is probably quenched by the occurrence of a photo induced electron transfer (PET) process due to the presence of the lone pair of the donor atoms. Such PET process is prevented by the complex- Figure 5 The equilibrium structures of trans and cis isomers of Ni complex calculated at B3LYP/SDD level of theory. Figure 6 The equilibrium structures of cis and trans isomers of Pd complex calculated at B3LYP/SDD level of theory. ation of ligand with the metal ions; thus, the fluorescence intensity may be greatly enhanced upon coordination. The chelation of the ligand to the metal increases the rigidity of the ligand and thus reduces the loss of energy by thermal vibration decay (Konar et al., 2011) . Fig. 9 , indicating that from 0 to À0.6 V no peak was generated in the absence of the metal complex. No peak was also observed for Pd II and Pb II complexes. Scanning the 1.0 Â 10 À3 M Ni II complex solution, an irreversible weak peak was fashioned at À0.34 V. However, the addition of Cu II complex to the supporting electrolyte, produced two peaks during forward and reverse scan, respectively. The potential difference (E pa À E pc ) of ca. 230 mV and peak current ratio (I pc /I pa ) of 3.5 indicate that the redox process for complex 3 is a quasi-reversible one electron transfer process under the experimental conditions. During cathodic scan at À0.39 V, Cu II is reduced to Cu I providing highly intense wave. However, when the potential scanning was reverted from À0.6 V, an anodic wave developed giving maximum intensity at À0.16 V corresponding to the re-oxidation of Cu I to Cu II species. It was observed that even Figure 7 ORTEP drawing (50% probability ellipsoids) of Zn II complex 4 (only labels of the independent crystal moiety are indicated). at faster scan rates (m > 100 mV s À1 ), the I pc /I pa ratio was not significantly altered. This observation suggests that the reduced Cu I complex was probably unstable at the cathodic potential and underwent some irreversible chemical or structural changes. Less cathodic peak current for Ni II complex indicates the relative stability of this complex over Cu containing species, whereas Pd II and Pb II complexes do not undergo any outer sphere redox reaction indicating that neither ligands nor metal centers are adsorbed on the electrode surface under the experimental conditions.
Electrochemical studies
In order to ensure the electron transfer properties, electrochemical impedance spectra (EIS) measurements were then carried out at À0.45 V within the frequency range from 0.01 to 100 kHz. The Nyquist plots and the corresponding Bode module and phase are displayed in Figs. 10 and 11, respectively. The higher frequency impedance indicates solution resistance (R s ) and the impedance, due to higher AC frequency, corresponds to the resistance due to the electron transfer (R et ). A rise of the impedance after the arc of the semicircle (at lower AC frequency region) indicates a diffusion process. According to Fig. 10 , the [(n-Bu) 4 N]BF 4 supporting electrolyte imparted higher electron transfer resistance both in the imaginary and in the real parts of the EIS spectra. When the spectrum was recorded in the presence of Cu II complex 3, an arc evolved. By considering the diameter of the arc (associated to the real part of the semicircle) it was confirmed that an easy electron transfer occurred from the electrode surface to the redox center of the metal complex, with a R et value of ca. 100 kX. 3.5. Biological activity Biological activity of the present compounds in terms of antibacterial property was analyzed against three well known pathogenic Gram-negative organisms such as Escherichia coli, Salmonella typhi and Shigella flexneri. All these three microorganisms are member of enterobacteriaceae family and caused several diseases of human including diarrhea, typhoid, and food poisoning. Thus, it is worth to evaluate the antibacterial property of our newly synthesized compounds against these three common pathogenic micro-organisms. The activity was tested after dissolution of all the compounds 1-7 in DMSO, which was used as a negative control in the experiment. Tetracycline, a broad-spectrum second generation antibiotic, was used as positive anti-bacterial compound. The results of the bacterial growth inhibition are shown in Table 5 along with the corresponding positive and negative controls. There was no growth of inhibition for negative control, whereas positive control (tetracycline) showed significant growth inhibition (31-38 mm) against all these three tested organisms, indicating that the experimental set and procedures are appropriate for the test. Among the synthesized compounds, only the free ligand 1 showed anti-bacterial activity against all three tested organisms with an inhibition zone of 6-7 mm. With this exception, compounds 3, 5, 6 and 7 showed distinguishable inhibition zone against E. coli only, with complex 7 exhibiting the largest inhibition zone (12 mm). According to these results, all the compounds, except 2 and 4, possess some level of antibacterial activity that could be explored further, obviously taking into account that Pb and Cd cause adverse health effects in humans and animals (Naja and Volesky, 2009 ).
Conclusion
A detailed investigation, that comprises density functional calculations, photoluminescence, electrochemical studies and antimicrobial activity, has been performed on a series of bischelated complexes with dithiocarbazate Schiff base ligand bearing a long alkyl chain. The ligand acts as chelating species coordinating the metal through the azomethine nitrogen and the thiolate sulfur atoms in all the complexes. The X-ray diffraction study of the Ni II , Cu II , Zn II and Pd II complexes indicates square planar or tetrahedral coordination geometry and in the former case either a cisoid or transoid configuration. DFT calculations confirmed that trans configuration of NiL 2 and cis configuration of PdL 2 appears more stable compared to the other configurational isomer, although packing forces are not to be excluded in driving the preferential configuration isolated in solid state. The stability of complexes and a certain degree of antibacterial activity justify further studies to establish correlations between bioactivity of this class of compounds with both their solid and solution structures as well as their redox properties.
